Synopsis The Brazilian free-tailed bat (Tadarida brasiliensis) experiences challenging thermal conditions while roosting in hot caves, flying during warm daylight conditions, and foraging at cool high altitudes. Using thermal infrared cameras, we identified hot spots along the flanks of free-ranging Brazilian free-tailed bats, ventral to the extended wings. These hot spots are absent in syntopic cave myotis (Myotis velifer), a species that forages over relatively short distances, and does not engage in long-distance migration. We hypothesized that the hot spots, or ''radiators,'' on Brazilian free-tailed bats may be adaptations for migration, particularly in this long-distance, high-flying species. We examined the vasculature of radiators on Brazilian free-tailed bats with transillumination to characterize the unique arrangements of arteries and veins that are positioned perpendicular to the body in the proximal region of the wing. We hypothesized that these radiators aid in maintaining heat balance by flushing the uninsulated thermal window with warm blood, thereby dissipating heat while bats are flying under warm conditions, but shunting blood away and conserving heat when they are flying in cooler air at high altitudes. We also examined fluid-preserved specimens representing 122 species from 15 of 18 chiropteran families and radiators appeared present only in species in the family Molossidae, including both sedentary and migratory species and subspecies. Thus, the radiator appears to be a unique trait that may facilitate energy balance and water balance during sustained dispersal, foraging, and long-distance migration.
Introduction
Flight is critical for successful dispersal, foraging, and migration in many bat species. More than 75% of a bat's energy expended for flight may be converted to heat, which must be dissipated to avoid hyperthermia (Speakman and Thomas 2003) . However, at night, flying bats are exposed to high convective and radiative forces that may result in hypothermia under certain environmental conditions (Speakman 1995; J.D. Reichard, unpublished data) . Thus, flying and roosting at temporally and spatially variable ambient temperatures (T a ) requires physiological and morphological adaptations for regulating euthermic body temperature (T b ) (Schmidt-Nielsen 1990) . Thermal windows and regional heterothermy of appendages are two such adaptations employed by diverse vertebrate taxa that inhabit thermally variable environments (Schmidt-Nielsen 1990; Vogel 2005) .
Thermal infrared (TIR) imaging has revealed that surface temperatures (T s ) of bat wings during flight are more similar to T a than to T b (Lancaster et al. 1997; J.D. Reichard, unpublished data) . Thus, although radiative heat loss to the night sky may be high, the wings of bats fail to maintain a thermal gradient with air that would be expected a priori to facilitate significant loss of heat. This type of regional heterothermy (i.e. relatively cool appendages) is expected to act as a heat-conservation strategy similar to those employed by some birds (Scholander 1955) , carnivores (Klir and Heath 1992) , aquatic mammals (Scholander and Schevill 1955; Cutright and McKean 2005) , and numerous other taxa that inhabit cold or fluid environments. Similar adaptations may also be expected in bats. Although nocturnal lifestyles often require conservation of heat, bats that occur in warmer environments may also encounter high enough T a to cause hyperthermia during flight, especially if they begin flying before sunset when incident solar radiation may be great (Speakman 1995) .
Typically, thermal windows are highly vascularized body regions with reduced insulation that facilitate balance of heat (Schmidt-Nielsen 1990; Klir and Heath 1992) . Animals may dissipate heat through vasodilation that directs blood to thermal windows such as the wings of bats, but can retain body heat by reducing blood flow to these areas via vasoconstriction (Cowles 1947; Reeder and Cowles 1951; Kluger and Heath 1970) . ''Wing fanning'' is often used by bats to actively dissipate heat while they are roosting and exposed to solar radiation (Nelson 1965; Ochoa-Acuña and Kunz 1998) . Bats are also expected to shunt blood away from their uninsulated wings when they are exposed to cooler environments (Stones and Wiebers 1965) , thus reducing heat loss. Thermal windows can help animals depress their T b during flight, which, in turn, facilitates maintenance of oxygen supply in hypoxic environments such as those encountered at high altitudes (Scott et al. 2008) .
The Brazilian free-tailed bat (Tadarida brasiliensis, family Molossidae) migrates up to 1800 km seasonally (Cockrum 1969; Glass 1982) and may commute up to 56 km from a daytime roost during a single foraging bout (Best and Geluso 2003) . Evidence from acoustic monitoring and NEXRAD Doppler radar analysis suggest that Brazilian free-tailed bats forage at altitudes up to 3000 m above the ground (Horn and Kunz 2008; McCracken et al. 2008 ). This species is also known to emerge from caves in south-central Texas well before sunset (Lee and McCracken 2001; Betke et al. 2008; Reichard et al. 2009 ), when T a often exceeds 358C and may approach the thermoneutral zone for this species ($33-388C; Herreid and Schmidt-Nielsen 1966) . This relatively high T a combined with greater incident solar radiation during daylight hours can reduce a bat's ability to dissipate heat produced during flight, except at the expense of increased evaporative water loss. Thus, Brazilian free-tailed bats experience relatively extreme temperatures during different periods of their nightly foraging bouts. By contrast, a syntopic bat species, the cave myotis (Myotis velifer, family Vespertilionidae), has a very different ecology and behavior. This species is non-migratory, rarely flies before sunset and remains relatively low to the ground while foraging (Kunz 1974) . The overlapping habitats of these two insectivorous species provide an opportunity for direct comparisons of behavioral and physiological responses to temperature. It should be noted that cave temperatures in roosts shared by maternity colonies of Brazilian free-tailed bats and cave myotis may exceed 358C during summer maternity period and the former species regularly participates in ''milling'' behavior throughout the day, presumably to avoid high temperatures within clusters (Herreid 1963) .
In a study to characterize surface temperatures of different body regions of free-ranging Brazilian free-tailed bats, Reichard (unpublished data) discovered that this species has distinct warm regions, or hot spots, running along the flanks of the their bodies from the antebrachial to the pelvic region, ventral to the extended wings (Fig. 1A ). This region of the body is warmer than surrounding furred surfaces on all sides, creating a thermal window, which we have named the ''radiator,'' that becomes exposed when wings are fully abducted (Fig. 1B) .
The objective of the current study was to test the hypothesis that hot spots on Brazilian free-tailed bats observed in TIR images are associated with morphological traits that are characteristic of thermal windows, namely reduced insulation and increased vasculature. We postulated that this structure may be an adaptation for the long-distance, high-altitude flight typical of Brazilian free-tailed bats and thus, may be present in other known long-distance, migrating species [e.g. Straw colored fruit bats (Eidolon helvum, family Pteropodidae; Thomas 1983) and migratory tree bats (Lasiurus cinereus, L. borealis, and Lasionycteris noctivagans, family Vespertilionidae; Cryan et al. 2004) ]. We did not expect radiators to be present on non-migratory, low-flying species (e.g. Myotis velifer, family Vespertilionidae; Kunz 1974) .
Methods

Thermal profiles
We conducted our study between 2006 and 2009 at two caves in south-central Texas; Frio Cave, Uvalde County and Eckert James River Cave, Mason County. Both caves serve as warm-season roosts for large maternity colonies of Brazilian free-tailed bats and cave myotis (Kunz and Robson 1995; McCracken 2003; Betke et al. 2008) . We recorded TIR images of Brazilian free-tailed bats and cave myotis with a Merlin Mid TIR camera configured with a 25-mm (228) lens (Indigo Systems Merlin, Santa Barbara, CA, USA). This camera records in the 1.0-5.4 mm wavelength and is calibrated by the manufacturer for temperatures and distances used in this study. Prior to the onset of nightly emergence of bats, we established the focal plane between 3 and 5 m from the lens outside the cave. Digital TIR images were captured at 60 frames per second using Rtools-Rdac thermal data acquisition software Fig. 1 (A) Thermal image of a Brazilian free-tailed bat emerging from Eckert James River Cave. The white line on the bat represents the profile of surface temperature that corresponds with the plotted surface temperature. White arrows on the TIR image correspond with the black arrows on the T s plot. Note the relatively warm pelvic and perineal regions as well. (B) Photograph of the radiator on a lactating female Brazilian free-tailed bat with forelimb abducted. The hairless region is completely unaltered. Paired arterial and venous branches to and from the ulnar artery (UL) are located beneath the forearm. The thoracopatagial artery (TP) has radiator vessels oriented perpendicular to it, extending toward the plagiopatagium. (C) Transilluminated wing membranes of a Brazilian free-tailed bat and (D) a cave myotis. Hair on the wing of the Brazilian free-tailed bat has been thinned with scissors in order to observe the vessels beneath the hair. Paired arteries and veins of a branch of the UL and superficial circumflex iliac artery (SCI) are present in both species, but proximity of the distal ends of these vessels differ notably between the species.
(FLIR Systems Co., Portland, OR, USA), operating on a customized, field-ready personal computer (LC5000 Lunchbox Computers, Duluth, GA, USA). We began recording TIR images after sunset to minimize influences from incident solar radiation and continued recording until emergence activity slowed significantly, usually $1 h later. We recorded T a in a shaded location near the mouth of the cave at 5-min intervals throughout the study period with an iButton Hygrochron DS 1923 (Maxim Integrated Products, Dallas Semiconductor, Sunnyvale, CA, USA). TIR data were written directly to an internal hard drive and stored for analysis in the laboratory.
We analyzed TIR digital video using Rtools-Rview thermal image analysis software to identify frames in which bats were in focus and oriented with their ventral surface facing the camera for views of bats with both wings extended. Both species are similar in body size ($12 AE 2 g), but emerge and return through separate openings to the caves or at different times. Although identification of species in TIR images may be difficult, shapes of the wings and locations of emergences meant we were confident about identification. T s was determined with emissivity ¼ 0.98 for pelage and skin (Monteith and Unsworth 1990 ). We measured a T s profile along a transverse segment between the center-points of right and left plagiopatagia (Fig. 1A) . For each bat that we measured, T s was plotted against pixel distance along the profile segment and plots were aligned by shifting the pixel number of the peak T s at the medial plane of the body. Using a fixed focal plane and limited depth of field meant that pixel dimensions were similar among bats that were used in the analysis.
We analyzed T s profiles of 50 Brazilian free-tailed bats and 25 cave myotis from the same mean T a for both species. According to Newton's law of cooling, heat transfer is determined by the temperature difference between two bodies of matter. Thus, we plotted (T s -T a ) to illustrate the relative capacity for dry heat loss along the profile: (T s -T a )40 refers to convective and radiative heat loss from the body, while (T s -T a )50 depicts heat gain by these fluxes. Because these data were not normally distributed (Shapiro-Wilk test), comparisons between species were made with a non-parametric Wilcoxon test.
Characterizing the radiator
We captured Brazilian free-tailed bats and cave myotis with a 0.5-m diameter, padded hoop net to examine the morphology along the wings and body where the hot spots appeared in TIR images. Bats were photographed in-hand using digital photography ( Fig. 1B) and by transilluminating wings with a light box or flashlight ( Fig. 1C and D) . Patterns of blood vessels were compared to the detailed gross anatomy of vasculature as described for the family Pteropodidae (Kallen 1977) .
Taxonomic comparison
To test the hypothesis that radiators are present in other taxa, we examined 122 species representing 15 of the 18 families of bats and available in the fluid-preserved collection at the Museum of Comparative Zoology, Harvard University (Concord, MA, USA; see Supplementary Data online). Each specimen was removed from the fluid, partially dried with a paper towel, and manipulated to view the region beneath the wing, and along the body where radiators were expected. We recorded if the specimen had a hairless gap between hair on the wing and the body and/or vascular patterns similar to those observed on the proximal region of plagiopatium in T. brasiliensis. Because arteries and veins were not always conspicuous in preserved specimens, we assigned them to three categories with similar vasculature. Similar vasculature was identified as ''present'' when vessels were visible and resembled radiator vessels, and ''absent'' when vessels were visible and did not resemble radiator vessels. Similar vasculature was ''unknown'' when vessels were not distinct enough to definitively determine the pattern. Characters were mapped on a supertree phylogeny for the Chiroptera (Jones et al. 2002) limited to the specimens we examined using Mesquite phylogenetic analysis software (version 2.71; Maddison and Maddison 2009 ). We created mirrored trees and hypothesized ancestral traits by parsimony. Our sampling of museum specimens was weighted toward the family Molossidae. Thus, the proportion of species in each family and genus in our analysis is not representative of the overall relative diversity of these taxa. We assumed vasculature and hair gaps to be species-level traits, thus we examined one preserved individual from each species. Presence of radiator-like morphology at the family level was estimated as the parsimonious ancestral trait predicted from our analysis.
Results
Profiles of surface temperature revealed distinct peaks corresponding to the location of radiators in Brazilian free-tailed bats ( Fig. 2A) , but not in cave myotis (Fig. 2B) . The profiles of T s for Brazilian free-tailed bats usually had three peaks: one at the median of the body and one on each flank at the margin of the body and the wing membrane (i.e. on the radiators; see Fig. 1A ). Several radiators had T s greater than T s at the median of the body, but most were less than the maximum T s along the profile and greater than the adjacent fur. Profiles of T s for cave myotis usually had a single thermal peak corresponding with the median of the body.
On average, T s declined more gradually between the body and the wing membrane on flying Brazilian free-tailed bats (N ¼ 50) than on cave myotis (N ¼ 25; Fig. 3 ). Mean maximum (T s -T a ) AE standard deviation was 3.91 AE 3.328C and 2.37 AE 1.968C for Brazilian free-tailed bats and cave myotis, respectively (Wilcoxon test, P ¼ 0.17; Fig. 3 ). Minimum T s of wings, on average, was cooler on Brazilian free-tailed bats than on cave myotis; mean minimum (T s -T a ) was À4.32 AE 1.578C and À2.90 AE 2.368C for Brazilian free-tailed bats and cave myotis, respectively (Wilcoxon test, P ¼ 0.01; Fig. 3) .
Classification of the blood vessels of the radiator
In Brazilian free-tailed bats, seven prominent veins and arteries, ''radiator vessels,'' lie perpendicular to the long axis of the body and are connected to larger vessels lying exactly on the ventral margin of the wing and body. To reveal this region, the proximal wing membrane must be pulled taut both laterally and dorsally. The naked patch is then revealed on the proximal wing membrane, with the proximal edge defined by the prominent vessel where the wing membrane joins the furred skin around the thorax. In published records of the vasculature of bats, this descending arteriole is associated with a smaller network of arterioles that do not appear to extend beyond the ribcage (see Kallen 1977) , however, in Brazilian free-tailed bats, branching vessels are located all the way to the inferior part of the abdomen. Farther out on the wing, paired arteries and veins of the ulnar and superficial circumflex iliac branches continue distally to form an arc (Slaaf et al. 1987; Fig. 1C) . This arc appears to be more robust in Brazilian free-tailed bats than in other species (Fig. 1D) . Branches from the ulnar and superficial circumflex iliac systems continue proximally to the furred region of the plagiopatagium and on to the radiator. There is also branching of the radiator arteries as they approach the furred region of the wing.
Phylogenetic comparison
Gaps in the hair on the ventral surfaces of wings surface were visible on 22 of 26 species of the family Molossidae, but this morphology was not observed on species in other families ( Fig. 4 ; see Supplementary Data online). In the molossids, hair gaps were not visible on two of four Chaerephon spp., one of four Molossus spp. and one of three Mops spp. (Fig. 4) . Most species in other bat families did not have hair on the ventral surface of the wing. However, migratory lasiurine bats (family Thermal windows on free-tailed batsVespertilionidae) that do have hair on portions of their wings did not have hair gaps similar to those observed in the molossids (Fig. 5) . Radiator-like morphology was also not apparent on E. helvum, another long-distance migratory pteropodid species.
Radiator vessels were difficult to detect on fluid-preserved specimens. Nonetheless, similar vessels were clearly present on about half (12 of 26) of the molossids examined (Fig. 4) . All other molossids were categorized as unknown because vascular patterns were not sufficiently discernable. Two of 23 species in the family Phyllostomidae (Leptonycteris nivalis and Glosophaga longirostris), one of 10 in the Emballonuridae (Peropteryx leucoptera), and three of four in the Megadermatidae (Lavia frons, Macroderma gigas, and Megaderma spasma) also appeared to have similar vasculature ( Fig. 5 ; see Supplementary Data online).
Parsimony analysis of ancestral states for each family estimated that only the Molossidae have hair gaps similar to those described for radiators; all other families examined in this study were predicted to have no hair gap as the ancestral state (Fig. 5) . The ancestral state for radiator-like vasculature predicted by parsimony was unknown for the families Molossidae, Vespertilionidae, and Mormoopidae; all other families were predicted not to have radiatorlike vasculature as their ancestral states (Fig. 5) .
Discussion
We identified radiators on Brazilian free-tailed bats but not on the syntopic cave myotis. These two species overlap in their roosting habits, but are derived from different phylogenetic lineages and exhibit distinctly different flight and foraging behaviors. The former uses high altitude, open airspace (Allison 1937; Herreid and Davis 1966; Vaughan 1966; McCracken et al. 2008) , whereas the latter forages amid vegetation and often over water (Kunz 1974 (Kunz , 2004 . We postulated that radiators may be an adaptation for migration, but similar morphological (Jones et al. 2002) showing characters observed on specimens examined at the Museum of Comparative Zoology, Harvard University. Vasculature similar to that seen in the radiator (left) is recorded as present (black), absent (white), or unknown (gray) when it was difficult to determine the arrangements of vessels from fluid preserved specimens. A hairless gap between wing and body is recorded as present (black) and absent (white). characters were absent in other families with known long-distance migrants, including lasiurines and migrating pteropdids (Fleming and Eby 2003) . Radiators were also present in more sedentary molossid taxa (including the subspecies T. brasiliensis cynocephala). Several migratory bats from other families have hair on the wing membranes (e.g. lasiurines), but these bats do not have naked strips on the sides of their bodies or a vascular structure closely resembling the radiators observed in the Molossidae. Phylogenetic constraints may explain the lack of radiators in these other taxa. Furthermore, L. cinereus and L. borealis also have a more northern distributional range and even though they may fly in the daylight when northern nights are short, they generally inhabit cooler habitats. Thus, these species probably spend less time flying at high T a than do tropical and subtropical species, and may face lower risks of hyperthermia.
The general distribution of vessels in the wings of bats is common among chiropteran species (Kallen 1977) . However, two distinguishing characteristics of the radiator appear unique to the family Molossidae, and the Brazilian free-tailed bat, in particular. In the illustrated wing vasculature of a pteropodid described by Kallen (1977) , a proximal branching arteriole from the ulnar artery (originating from the subclavian artery) runs lateral to the body and appears to have a similar branching pattern to the radiator vessels described herein. This radiator-like branching does not appear to continue beyond the ribcage and, thus, neither the descending arteriole nor the branching vessels appear to be given much significance by Kallen in his description of wing vasculature in pteropodids. However, it should be noted that Kallen's specimen was significantly larger than a Brazilian free-tailed bat. Because this arteriole has not been identified in previous literature, we refer to it as the ''thoracopatagial'' arteriole, describing its location and the tissues it supplies (Fig. 1B) . Radiator branches in the Brazilian free-tailed bat are relatively evenly spaced from the antebrachial to the pelvic region along the entire flank of the bat's body. This species also exhibits a strong arc formed by arterioles and venules of the ulnar and superficial iliac circumflex branches that provide dual input to the tensor plagiopatagii muscle (Slaaf et al. 1987 ). Although we could not fully characterize direction and volumes of blood flow, we can infer from the relatively warm T s of radiators in TIR images (Fig. 1A) that radiators transport warm blood directly from the torso. Thus, we postulate that the branches originating from the thoracopatagial arteriole shunt warm blood from the thorax and abdomen, through the naked thermal window, thus facilitating the dissipation of heat from flight muscles. Additional histology and examination of tissue in unanesthetized molossid bats are needed to determine the fine vasculature and direction of blood flow in the vessels of the radiator.
While the wings of bats as a whole have characteristics of thermal windows (e.g. naked and highly vascularized), the smaller area of the radiator in molossids appears suitable for finely controlled thermoregulation during flight. To our knowledge, there is no published information on the form and function of this unique trait. We suggest three possible explanations for this deficiency. First, perfusion and the size of various blood vessels are affected by T a and T b (Cowles 1947; Reeder and Cowles 1951; Kluger and Heath 1970) and perfusion of the radiator vessels may require specific physiological and thermal conditions. Thus, if observers attempt to characterize wing vessels while the bat is inactive, some vessels may be less apparent. Secondly, radiators appear to be limited to the family Molossidae, thus even the most detailed studies of other bat species would not reveal this morphology (e.g. Kallen 1977) . Thirdly, previous studies on circulation in the wings of Brazilian free-tailed bats have used restraining devices that enclose the bat's body with one wing extended. These restraining devices may exclude the radiators from view while facilitating visualization of other regions (see illustration in Bouskela and Wiederhielm 1979) .
Hypotheses on the function of radiators
Radiators in Brazilian free-tailed bats can best be described as a patch of relatively warm, uninsulated skin located beneath the proximal portion of the wing. When the wings are extended and raised during powered flight, this region is exposed and maintains a thermal gradient with the surrounding air, which facilitates dry (sensible) heat loss. In this way, evaporative cooling under heat load may be reduced. The T s of wings distal to the thermal window cool well below T a during flight and may contribute to a depression of T b in free-ranging Brazilian free-tailed bats (J.D. Reichard, unpublished data). Cave myotis had slightly greater maximum T s on the body, suggesting that the pelage of this species may have poorer insulating properties compared to Brazilian free-tailed bats or that the former maintains a relatively higher T b during flight. Thus, we would expect cave myotis to experience greater heat loss from the body, but a comprehensive analysis of heat loss during flight in this species invites further study. Additionally, T s does not drop as far below T a on wings of cave myotis as it does on wings of the Brazilian free-tailed bat, but both species have T s consistent with reduced blood flow and cooling from evaporative water loss from the flight membranes and radiative heat loss to the night sky (J.D. Reichard, unpublished data). Differences in altitudes where these two species fly may contribute to these differences in T s of wings.
Radiators were relatively consistent traits among members of the Molossidae examined in this study. We suggest that the combination of uninsulated skin on proximal wing and a unique vascular structure may be adaptations in this chiropteran lineage, which includes species with skeletal traits and musculature adapted for rapid and prolonged flight (Vaughan 1966) . Members of the genus Cheiromeles, family Molossidae (which includes only two, largely hairless species) have evolved an unusual morphological specialization in the proximal wing region. Although we were not able to observe blood vessels in the single museum specimen of C. torquatus to which we had access, this species has evolved pouches in the antebrachial region along the margin of the wings and body (Harrison 1954) . The postulated role of pouches in protecting and warming young bats in this species has not been supported (Leong et al. 2009 ). Instead, Cheiromeles folds its wings into these pouches, which presumably protect delicate membranes and phalanges while it crawls on the ground or on branches (Schutt and Simmons 2001) . The pouches are located in the same region of the body as the radiators in T. brasiliensis, but the radiators do not appear to be associated with wing positions while crawling. Notwithstanding, the example from Cheiromeles suggests a propensity for modification or specialization in this region of the body in the family Molossidae. Preliminary results from a molecular phylogenetic analysis of the RAG-2 gene suggest that Cheiromeles is basal to other members of the Molossidae and thus supports the morphological distinction between these taxa (L.K. Ammerman, personal communication).
Interestingly, the morphology of the radiator is similar to that of a brood patch found on many avian species. However, because radiators are present in both females and males, and male Brazilian freetailed bats do not participate in rearing offspring, we do not expect that transfer of heat between mothers and offspring is the primary function of radiators. Moreover, we would expect a brood patch to be more closely associated with nipples, but the position and size of radiators does not appear optimal for facilitating heat transfer while nursing pups. Moreover, lactating Brazilian free-tailed bats typically roost separately from pups when they are not nursing (Kunz and Robson 1995) and pups cluster together to maintain high T b (Herreid 1963) . It has been suggested that elevated T b may limit milk energy output in lactating mice (Kró l and Speakman 2003) and radiators are in a reasonable position for dissipating heat in proximity to the mammary glands, however, this function is also not supported by the presence of radiators in both males and females.
Free-tailed bats are specialized for high-altitude, hawking flight and are abundant in the warmer parts of the world (Vaughan 1966) . Thus, species in the family Molossidae may experience high T a at ground level when they first emerge from their day roosts. During our study, we measured T a that exceeded 358C outside the cave, even as bats emerged and dispersed to forage. However, T a can decrease 68C for every 1000 m increase in altitude (Moore 1956 ) and convective forces are potentially greater in prevailing winds. Thus, during a given evenings emergence and foraging flight, Brazilian free-tailed bats often make transitions from conditions requiring heat dissipation to avoid hyperthermia to conditions where conservation of heat may be more beneficial. We suggest that radiators in Brazilian free-tailed bats are highly developed for thermoregulation on the proximal regions of the wings, providing a mechanism for rapid dissipation of heat during prolonged foraging flights and during migratory flights in relatively warm air. This mechanism may also reduce circulation to the distal wing membranes, and thus reduce heat loss in cooler air, especially when wings are exposed to the strong radiative sink to a clear night sky (Léger and Larochelle 2006) . Blood may be shunted away from the radiator and toward the body during flight at high altitude and thereby minimize heat loss, but may be passed through the radiator if T b rises above optimal levels. When T s exceeds T a , peripheral blood is cooled rapidly as it passes through the thin, uninsulated membrane of the wing. Thus, bats with radiators would be able to dissipate heat without having to shunt large volumes of warm blood through the distal portions of their wing membranes. The series of lateral radiator vessels could allow for intricate control of blood flow for thermoregulatory purposes, with more radiator vessels being perfused as heat load increases.
High-flying bats, such as Brazilian free-tailed bats, often have limited access to drinking water and may also be highly adapted for conservation of water . Descending to drink would likely increase energy expenditure, while at the same time potentially limiting foraging time.
Although we have not explicitly demonstrated countercurrent heat exchange, the radiators present in the Brazilian free-tailed bat be a manifestation of this physiological adaptation. When the T s of wings drop below T a during flight, blood returning from the wings could overcool the flight muscles and thus reduce flight efficiency. As warm blood flows away from the vital organs and flight muscles through the arterioles in the radiator, it cools rapidly. Additional cooling may be achieved as blood returns from the wings through venules in the radiator. However, we are cautious in postulating the role of these vessels in countercurrent heat (or water) exchange. Although the major arterioles are often paired with venules, this arrangement may only provide limited exchange. Well known countercurrent exchange systems in legs of birds (Midtgård 1981) , flippers of marine mammals (Meagher et al. 2008 ) and other animals (Vogel 2005) exhibit recognizable morphology in which close association of veins and arteries increases the potential area of contact (Schmidt-Nielsen 1990) . However, if blood returning through radiator venules is warmed through countercurrent exchange, Brazilian free-tailed bats may be able to rewarm relatively cool blood returning from the wings before it reaches the body. This function may be particularly important in cool air that this species may encounter at high altitudes. Conservation of water could also be achieved through countercurrent diffusion if ''drier'' venous blood is rehydrated by arteriole blood (Vogel 2005) . Maintaining a high temperature gradient between the radiator and the air would mean that more heat can be dissipated by sensible heat loss without high blood flow through the distal wing membranes. Both of these mechanisms could reduce overall transcutaneous loss of water.
Brazilian free-tailed bats move readily from high T a approaching 408C in their roosts and at ground level to cool T a and high radiative and convective Thermal windows on free-tailed batsheat fluxes at higher altitudes. Thermal windows (i.e. radiators) and intricate control of blood flow to and from the wings may permit rapid dissipation of heat and the avoidance of hyperthermia when activity-related thermogenesis could otherwise exceed heat loss. When heat loss exceeds thermogenesis, however, regional heterothermy and countercurrent exchange may help to sustain euthermia. An analogous rete mirable present in some animals that employ regional heterothermy and thermal windows for thermoregulation may also be present in the wings of molossids, but further investigation is needed to fully characterize the patterns of flow through veins and arteries in these radiators. We suggest that the radiators on Brazilian free-tailed bats represent an adaptation for long-distance, high-altitude flight to facilitate heat, water and energy balance and may have been an important factor in the evolution of migratory behavior in this species. Analogous regional heterothermy is employed for thermoregulation in several mammalian and avian taxa. In arctic environments, for example, regional heterothermy of the limbs in carnivores and of the ears in lagomorphs reduces heat loss by convection or conduction and sustains euthermia (Schmidt-Nielsen 1990; Klir and Heath 1992) . Aquatic mammals also employ countercurrent exchange mechanisms and regional heterothermy in their flippers or tails that compensate for strong convective heat loss in colder water (Scholander and Schevill 1955; Cutright and McKean 2005) . Similarly, many birds have evolved countercurrent heat-exchange mechanisms in their featherless legs, which have been implicated for their roles in thermoregulation during flight (Martineau and Larochelle 1988; Schmidt-Nielsen 1990) . Countercurrent exchange is also employed in maintaining euthermia in warm environments. For example, some ungulates have rete mirabiles in which venous blood cooled near the nasal cavity subsequently cools arterial blood supplying the brain (Baker and Hayward 1968) .
The discovery of radiators on Brazilian free-tailed bats presents a promising future for exploring the function of this structure under different physiological and environmental conditions. Continuous TIR imaging of individuals, for example in a wind tunnel (see Ward et al. 1999) , may reveal changes in T s in response to prolonged flight that may also correspond with T s on the radiators. Moreover, coupling TIR images with respirometry or doubly labeled water experiments could provide important information for distinguishing between energy used for thermoregulation and energy used for locomotion (see Ward et al 2004; Zerba et al. 1999) . Such a study would permit researchers to modify T a and humidity to test effects of these variables on T s of wings. Studies on captive or semi-captive bats would make it possible to observe individuals of known sex and reproductive condition, which could help identify differences in radiator function among these cohorts. Further characterizations of the circulatory patterns of the radiator are needed to identify origins and destinations of arteries and veins may provide insight into the tissues and organs that are most closely associated temperature regulation during flight. Additionally, histological analysis could be used to search for possible countercurrent exchange mechanisms in this region. Small animal computed tomography (MicroCT) may also improve visualization of the vasculature of intact bats by injecting radioopaque contrasting agents into the blood stream of a bat (Kindlmann et al. 2005) . However, sufficient perfusion of the region of interest can be challenging, especially if the radiator mostly functions when animals are in flight. Birds have been the focus of many previous studies on the physiology of flight at high altitudes (e.g. Scott and Milsom 2006; Scott et al. 2008) . Wind tunnel studies have improved our understanding of the kinematics and energetics of flight for both birds (Ward et al. 1999; Léger and Larochelle 2006) and bats (Carpenter 1986; Thomas et al. 1991 ) and may be a suitable venue for assessing circulatory changes in the radiator during prolonged flight at different ambient temperatures. Finally, greater understanding of the form and function of radiators in bats may be achieved by comparing morphology, physiology and behavior of different species in the family Molossidae with birds that exhibit similar long-distance foraging or migratory behavior.
Brazilian free-tailed bats move readily from high T a approaching 408C in their roosts and at ground level to cool T a and high radiative and convective heat fluxes at higher altitudes. Thermal windows (i.e. radiators) and intricate control of blood flow to and from the wings may permit rapid dissipation of heat and the avoidance of hyperthermia when activity-related thermogenesis could otherwise exceed heat loss. When heat loss exceeds thermogenesis, however, regional heterothermy and countercurrent exchange may help to sustain euthermia. An analogous rete mirable present in some animals that employ regional heterothermy and thermal windows for thermoregulation may also be present in the wings of molossids, but further investigation is needed to fully characterize the patterns of flow through veins and arteries in these radiators. We suggest that the radiators on Brazilian free-tailed bats represent an adaptation for long-distance, high-altitude flight to facilitate heat, water and energy balance and may have been an important factor in the evolution of migratory behavior in this species.
Supplementary Data
Supplementary data are available at ICB online.
